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" 'HiGH SPEEDS BY USE OF HIGH-SPEED WIND-
TUNNEL, SECTION DATA
By John Boshar

SUMMARY

A tabular method 1s presented for determining the
span load distribution at high Mach numbers by utilizing
high-speed alrfoll section dats. The method, deslgneted
the generallzed method, 1s an eeslly applied process of
successive approxlmations by which a general appllcation
of the 1lifting-linse theory may be used to determine the
span load distribution for wings composed of sectlons
having arbitrury 1ift curves. A example ls glven to
show how thls method 1s used. A comparleon of span
lnad dlstribution obtained by the generallzed method
using high-speed data 1s made with results obtalned by
the strip-theory method using high-srpeed deta and by
the conventlional msthod of appnlying lifting-lline theory,
whlch utillzes low-3peed data.

The results of the computations indicate thaet the
loading changes assoclated wlth Mach numbecr may be
great enough to requlire modification in the current
method of computing span loadling for design purposes.

INTRODUCTION

In some recent high-spesd alrplane flights & number
of accldents and near accidents have occurred, which
could be assoclated, in part, with changes in wing span
load distribution at high Mach numbers. These changes
have been manifested by both lnordinate changes in air-
plane stability and formation of permanent wing wrinkles
at load factors lower than should be expected on the
basls of stetlc-test results.

Qualltatlive considerations of the effect of Mach
number on two-dimensional alrfolls indicate that some
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chenges in loading are to be expected in the usual
operating 1lift range, because the thicker inboerd sec-
tions of a typlcal wing would experience a compreasi-
bility stall earlier than the outbosrd sectlons and would
sconsequently require the outboard sections to carry a
greater part of the load 1f the 11ft 1s to be malntained.
Except for some unpublished high-speed wind-tumnel re-
sults of wake measursments behind a tapered wing, which
verifled the conclusion that stalling occurs earlier

on the root sections than on the tip sections, no cdirect
experimental data exist on the subject and the actual
megnltude of the span-losding changes has been question-
able.

Although dsesigners are aware, thsrcfore, that
changes cccur in the suction 1ift curves after the occur-
rence of a comprescibllity stall, alrplane wings are
8till buillt to carry the limit loads dlstributed in ac-
cordance with a 11ftling-line theory that Includes the
assumption that the lndividual sections along the span
have a constant 1ift-curve slcpe tkhroughout the entirs
operating range.

The purnose of the present report 1is:

(1) To present a tasbular method by which the
liTting-1ine theory may be easlly applied to the deter-~
minatlion of the span load dieitriottlon of a wing, re-
gardleas of the type of seztlon 1lift curves.

(2) To present, for two hynothetical wlngs, com-
parisons of the span load distributlon as determined by
means of

(a) The strip theory, in which hlgh-speed
wind-tunnel data are used

(b) The conventional application of the
l11fting-1line thsory, in which low-
speed wind-tunnel data are used

(c) The gensrallized method of applylng lifting-
line theory, in which high-speed wind-
tunrel data are used
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(3) To present an example showing how the general-

1zed method may he used to determine span load distribu-

tion

f  d = 4 4 W 0 B

m

at high speeds.
SYMBOLS

aspect ratio (bz/s)

wing span

sectlion 1ift coefficient

wing 1ift coefficient.
btending-moment coeflficient

chord at any spean

mean chord

¥ach number

r, 8 constants defining 1imits of summatlons
load factor

dynamic pressuare

wing arsa

alrplane speed

downwerd componsnt of veloclity
elrplene welight

distance from wing root, semlspans

angle of attack; wlth subscript g, geomstric; with
subscript e, effoctlve

downwash angle
constant coefficlents 1n downwash equations

A prime used with a symbol indicates a partigular

value of the quantity.



METHODS OF COMPUTING SPAN LOAD DISTRIBUTION

A number of methods have been used to determine
spanwlse distribution of alr load on airplane wings.
The most primitive of these, the strip method, has been
used to obtaln rough solutions but, inasrmich as this
method neglects the presence of downwash, i1t has not
been considered accurate enough for design purposes.
The method that 1s used 1n design accounts for the
effect of dovmwash by an applicetion of the lifting-line
theory.. This method which, for convenlence, 1s referred
to herein as the "convenilional method," has been made
. adaptable to dilrect computation for the special case of
11ft curves that are essentlally lirnear. For the cases
in which thls linearity of the 1ift curves 1ls nnt
present - , for oxample, near the noint at which normal
stall or premature compresslbllity stall occursz - the
direct mathod 1s no longer satisfactory. For such
cases, 8 third method of cdetermining span load distribu-
tions, vreferred to hersin as the "generallzed method,"
makes use of a vnrocess of successlive &pproximations to
ep2ly the 1lifting-line theory. Applications of this
method are glven in references 1, 2, and 3.

The dlscussion thet followrs 13 concorned wlth the
stripr method, the conventional method, ani the generallzed
method of determining span load distributlon wiih par-.
ticuler reference to thelr uses as rclated to the s»nan
load dlstribution that may be sexzpected at high speeds.

Strip Method

In the strip theory, the assumption 1s that the
wing 1s made up of alrfoll strips, each of which maintalns
1ts two-dimenslonal (or infinite-aspect-ratio) 1ift
characterlistizs. For a selected wing angle of attack
the 1ift coefficlent at each span statlion 1s determined
from the sectlon data by plcking off the locsal 1ift
cosfflcient corresovonding to tne geometric angle of
attack at that sectlon. Tnasmich as infinite aspect
ratlio 1s aasumed, the effect of vary.ng sparwlse dis-
tribution of 1nduced angle of attack in neutralizing
any discontinultlies and high gradients in the loadings
1s neglected. The loadings are derived by multiplying
the 1ift coefflclents at each statlion by the ratio of
the chord at the station to the mean chord; thus, a



load coefficient czg 1s defined, which 1s related to

c
the usual wing 1ift coafflcient C;, as follows:
. N 1 -

cL=f.c,%dy
0

The applicatioﬁ of ths strip theory requlires no further
explenatlon as 1t 1s one of the oldest methods used in
predlcting load distribution.

Conventlonal Method

The convcntlonal method of applying 1lifting-line
theory takes into conslderatiorn the effect of aspect
ratio (the ‘prssence of downwash); 1t 1s made adaptable
for computing purnoses by the assumption that the in-
dividual span statlons have constant lift-curve slones.
Inasmuch &s alrplane designers are in general femlillar
wlth both the Fourler serlies method and the Schrenk
apnroximate mathod as given and discussed in reference |,
no detalls of thils method are glven herein.

Ger.erallzed Method

The nesd for more generallzed methods of applyling
lifting~line theory (references 1, 2, and 3) arose from
the fact that methods were desired that could treat
ca3es 1n whizh elther partial stall or nonlinearity in
the 11ft curves resulted. Tn principle, these methods
are stralightforward:; that is, from the fundamental down-
wash equation-a spanwlse dlstribution of downwash angle
1s found for some initlal assumed loadlng eand, from the
differences between the gsometric and the computed down-
wash angles at each station of the spen, the effectlve
engles of attaclk are determined. When the effective
engles of attack are applled to each sectlon 1ift curve,
11ft coefflclents at each statlon are obtalned which,
when multiplied by the ratlo of the chord at the station
to the mean chord, define a new '"check" distrlbutlon.
The second assumed svan loading mey be taken between
the first spproximation and the check polnts (not neces-
sarlly a mean). The process 1ls contlinued until the check
loading coincldes with that from which it was derived.

Because of the difficulty in evaluetling the down-
wash angles, the methods of succeasive approximatlions are
generally tedlous. The downwash angle at 'a span station




18 obtelned by, carrying through ‘the operations indicated
by the fundamental equation for the downwash angle at a
spanwlse polnt, namely

€ = ! ’
v/,
1 c
5 d(cl'c‘?) _ dy

" Imo dy 3 - 3
-1

" (1)

The prime 1s used to indlcate the span point at which the
downwash angle 1s beling found.

Reference 1 carries out the indicated overation by
ploftting the load coefficlent QZ% agsinst 1/(y' - y)

and integrating the area to obtain the downwash. A
nory corplicated method given 1n reference 2 carriles

¢
| )
out ths indicated operation by olotting
. y' -7

agalins. the span ststlon y, and Integrating to find the
area.’ In bnth msthods, slnce the denominator becomes
zero whon y = y', the lntegration must exclude a =small
area on elther side of the singulsrity, which 1s then
soperately zonsldsesred by en av ,roximate formila. of
these two methods, that of reference 1 1s simpler bocause
1t does not depend upon the zZrephlcal dsterminatlon of

the slone of the loading curve. A much less leborious
methcd was developed In referonce 3, which ls demonstrated
in reference 5, and has been found by exzperlence to entall
only a small frection of the labor of the methods of ref-
erences 1 end 2.

The method of reference 3 l1s essentlally as follows:
The distributlon of span loading 1ls expressed hy the
general formula (from reference 6, equaetion (ulY)

-]

cl% = 2A\/{ - 32 ) 85 3eT (2)

r=0
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.arrive at the serles

which 1s then substituted into the baalc downwash-sngle
formula (equation (1)) end integrated step by step to

Y - - - -

o

. - AY
€= E 85, Eop (%)
=0
whers
n
- 2n + 1 28
8or T E ( 5 Pp-g I'Pz--s-l) ¥
=
and

b = LXG3X5 ... (2r - 1)
2xhx6.,..2r

At this polnt Inths development given in refererce 3 it
1s assumed that this downwash angle may be expressed as

1 : 2
€= N M (clg)m (L)

m=1

end sincs, by equatiorn (2), 07‘% may be glven Iin terms
o

of ¥y, Jps Izo ¢ ¢ Fps
I > -
€ = -Z- Yo " Mg V1 - ymz N &, (5)
m=1 =0

When: the assumed dovnwash angle given by equation’ (5)

1s compared with the downwash angle given by equation (3),

the corresponding terms for the two series may bgq made
to agree 1f y,, Y50+ + + ¥, end hl, ka, SRR

satisfy the condlition

i My Ymar \/_L_':'Tme-

m=1

(6)

]

U]
n

M



Inasmuch as equatlon (5) contalns only ¥y,
Yo, » » » I &nd hl, KZ, + + « My, values of ¥
may be prescribed independently of the 8 coef-
ficients and, therefore, independently of the loading

czg ; the problem consequently reduces to the solu-
c .

tion of a system of slmultansous squations.

The constants for the case of five simulteneous
equations (n = 5) as taken from reference 3 are given
In the following table and have been determlined to
yleld the downwash angles 1n degrees:

N 0 0.3 0.5 0.7 0.9
Ny 150.10 | -72.67 | -16.16 21.42. | -107.60
Aa -12h.146 | 187.77 | -73.% | -81.12 2h2.99
x3 €.85 | -78.17 | 200.1Lh | -10.43 | -2L€.85
}‘l; -12.49 | -10.52 | -76.35 | 169.98 38.81
x5 -3.3l -5£.96 -8.90 | -63.6L 211.65
Tf equation (L) 1s expanded to n = 5, the downwash-

engle equation hscomes




and, for examnle, for y = 0.3

-2 [erfo,8) + 1877768 - 78.a7fs
T [72 6767'5)0 i 7761?’)0.5 ! 7615)0.5
- 16.526;1-‘_1) - 5.966: %)
°/o.7 %/5.9

Early experlence galned in applylng the methods of
references 1, 2, and 3 has indicated that 1dentlcal
resul ts would be obtalned with esch of the methods

after a suffliclent number of trlals but the method of
reference % was found to be much easier than the others
and consequently was the method ussd herein. A tabular
schome was flnally worked out, whilich snabled the span
load distribution to be obtalaned very guickly. A
semple of the computations 1s shown in tavLle T.

DISCRIPTION OF WINGS AND BASIC DATA

The hypothetlcal wings (sse filg. 1) for wnich the
high-spreed loadings were determined were both of elip-
tlcal plan form and had a thickness ratlo varylng from
17 vercent of the chord at the root to 9 pnerceut at the
tip. One wing was assumed to be of NACA OOXX sections
and the other of high-critical-speed 16-5XX sectlons.
The notatlon XX 13 substituted for the airfoll thick-
ness in the designation. A linear gsometric twist that
would most nearly Iintroduce zero aerodynamic twist at a
Mach number of 0.30 was applied to the wings. in ordeg
to accomplish this result the 16-5XX wing was given a 1
geometric washout, whereas the symmetrical 00XX wing
fulfilled the conditlion with zero geometric twilst.

The baslc date for the 00XX alrfoll sections were
obtained from the &Zritish National Physics Laboratory
and those for the 16-5XX ssctlions from the NACA 2l-inch
high=-speed tunnel. The pertinent facts concerning the
scope of the data and the reference papers 1in which the
materlial 1s presented are glven 1n the following table:




BASIC DATA
Angle-of-
Alrfoll attack Chord| WNach number Approximate Reynolds | Ref-
section range (in.) range number range _{erence
(deg)

N2CA QO¥X sections

0012-63 | =L to 12 2 0.1i0 to 0.355 130,000 to 760,000 g
0015-63| O to 5.75§ 1.L93} .30 to . 320,000 to 500,000

0017-63 | 0 to 2.5 1.5 .30 to .B0 360,000 to 500,000 9
0020-63 | =2 to 1 1.2 .30 to .80 200,000 to 500,000 10

. NACA 16-5XX dectlons

16-506 | -3.2 to 2 £ 0.30 to 0.75 | 790,000 t6.2,G00,000 1
16-509 -3.8 to ﬁ 5 .30 to .75 | 760,000 to 2,000,000 11
16-512 | - to 5 .30 to .75 | 700,000 to 2,000,000 11
16-515 | -2.3 to L.5 5 .30 to .75 | 790,000 to 2,000,000 11
16-521 | -1.6 to L 5 .30 to .70 | 700,000 to 2,000,000 11

ot
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The baslc section data were so plotted as to permit
nonlinear interpolations of the_lift curves for any of
the alrfoil-sections along. the wing.  The unusual type
of plot adepted was suggested by one used in reference 1D
for a dlfferent purpose and was constructed as follows:
For a glven Mach number the usual section 1lift curves for
various thickness ratios were plotted on the same figure.
The angle-of-attack scale for each thickness was staggered
e distance provortional to the alrfoll thickness (heavy
lines in figs. 2 to 6) and the points of equal angle of
attack were then jJolned, producing a surface or "carpet"
effeot. This surface allows the 1l1ft curves to be
easily interpolated for alrfoll thicknesses between
those represented by the basic data and, 1n addition,
glves a pictorial representation of the sirfoll family
maeking up the wing.

The particular alrfoll sections used were chosen
because the data were svallable from the same wind tunnel
for each famlly. The 16-5¥X sections were tested through
the sume Reynolds number range; however, the COXX alr-
folls, &as shown n the tabulatlion of the data, were of
different chords and consequently the Reynolds numbers
were not the sama. Aleo, according to refarence 8, the
0015«63 alrfoll sectlon was obtalned by cutting down
the 0017-6% section and the erd blocks were probably
twisted ona-fourtli of 1© relativa to the new datum,
glving an observed error in tle results in the zero-

11 ft angle. Nevertheless, no attempt wes made to cor-
rect the basic data since 1t was consldered that the
more or less arbltrery correctlons would not altar the
results an amount sufficient to warrant temoering with
the baslc data.

A3 shown 1n the tabulation of the baslic dsata, the
Mach number range for the 0012-63 alrfoll ssction was
0.40 to 0.725. The data for this section at ¥ = 0.30
(fig. 2) are thersfore shown as extrapolations. In
the carpet for the cass of W = 0.75 (fig. 6) the data
for the 12-percent-thick section, however, are shown as
nelther baslic nor extrapolated data but rather as a
heavy dashed line to 1indicate that the line, although
not from beslec data, was better than the extrapolated
curves because the extension of the data from 0.725 to
0.75 was slight and was made by meanm of an auxillary
carpet. In this carpet, which 1s not shown, the 1lift
curves were plotted for the various Mach numbers of the
0012-63 airfoll and the curves were then spaced in pro-
portion to the Mach rnwumber lncrements.



12
RESULTS OF COMPUTATIONS

Span load distribution computations using the strip-
theory method end the generalized method of applying
lifting-l1ine theory were performed for each of the hypo-
thetlcal wings at flve or six angles of attack of the
root section and for each of the five Mach numbers for
which data were available, that 1s, from figures 2 to 6.
The hypothetlcal wings were purposely chosen wlth ellip-
tical plan form and wlth zero aerodynamic twlst 1n order
that the span loading which would be obtained by the
conventional applicatlon of 1lifting-line theory (refer-
ence li) would be ellipticel at the various 1lift coef-
fiecients.

A sample of the computaetions requlred and the
procedure followed at each value of angle of attack and
Mach rumber to obtaln the span load distrlioution by
elther the strip method or the generalized metihod of
reforence 3 1s shown in table I, The computations
shown epoly to the 16-5XX wing for an engle of attack
of 2° =zt the root and for a ¥ack numher of 0.75. 1n
this table the computetions required for the strip-
theory calculatlons are included 1In the flrst six
columns of the first block. Thie remaining columns
and blocks 8sre requlred to complete the computations
for the method of successlve approximations. It will
be noted both In the teble and in- figure 7, which
supprlemesnts the tebls, that in the computatlons by the
‘method of successive approximaetions the first anproxi-
mation of the loading 1is ‘assumad to be that defined
by the strip thecory for which the local 1ift coefflcients
are shown by the solid line n figure 6. The check
roints 6btalned..for the first approximation are shown
both in figure 7 and on the carpet of figure 6. TableT,
in conjunction with figure 7 and figure ¢, may be
followed to show completely the detalled procedure.

The span load dlstributions obtalned from each of
the computations were then integrated and the results
cross-plotted against wing 1lift coefficient Cr, to
obteln loadings as a functlon of Mach number at a
number of evenly spaced wing 1lift coefficlents equal
to 0.1, 0.2, 0.3, 0.4, end 0.5. The results of the
eross plots are shown in figures 8 and 9. The toadlngs
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given 1n these figures were obtalned both by use of the

- 11fting-1line theory and by the strlip theory. The solid-
"Ilhe curves in-these flgures represent the reference (or
conventional) design span loading, which has been as-
sumed by designers not to change with Wach number.:

The span loadings of flgures 8 and 9 were in turn
Integrated to give a measure of the bending moment at
the wing root end at the 50-percent span station. The
results of these integrations are shown ln figures 1C
and 11, in whlch a bending-moment coefficlent ¢ BM is

plotted against the wing 1ift coefficient. The bending~
moment coefflcient shown in these fligures 1s defined
mathematically by the expression

f ( (Y-v_._).dy

This definition requires that, at the wing root, the
bending-moment coefflcient equal the wing 11ift coef-
floient multiplled by the lateral center of preasure of
the sp:zn loed. Also, wlth the bLendling-moment coef-
flzicnt defined in this manner, the mugnitude of the

bendlng moment at any station 7yt 13 givan by
Cpm
Bending Moment = —E— qsb
DISCUSSION

With respsct to the generallzed method used 1n the
span load computations it may be seen that when a sys-
tematic tabulatlion system 1s adopted, very little work
would be requlired even ln a general case. The table as
glven could be shortened stlll further because the firat
8lx columns in the second, third, and fourth approxi-
mations could be deleted. All the columns have, how-
ever, been included in this papsr 1n order to show each
step clearly. Those famillar with span load computa-
tions will easlily recognlze that the amount of work 1s
less than that required by the Fourier #erles method
of reference l. and 1s only slightly more than that re-
qulred by the optional but shorter Schrenk approxls
mate method that 1s 1ncluded therein.
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It will be noted: that, although far more complete
basic sectlon data were avallable for the families chosen
than for 6ther alrfoll famllies, the data are still
rather 1imited in scope both as to the Mach number and.
the lift-coefficlent range obtained. For this reason
it 1s impossible to 1llustrate elther the effects of
¥ach number on span load changes near values of ™ = 0.85
that some modern alrplanes have reached or to 1llustrate
changes that occur with even moderately high 1ift coef-
ficlents. Examlnatlon of the results given in any one
of figures 3 through 1l indicates that changes in loading
occur rapidly for the 16-5XX wing at a Mach number above
0.7 and for the 00XX wing at a ¥ach number above 0.6 and
a 11ft coefficient above 0.l. The highest value of
Mach number for which date are avallable is only J3.75.

In the case of the 00XX wing, sufflcient section data are
avallable at this fach mumber to allow computations to

be made to a wing 1lift coefficient of oniy 0.2 and for
the 16-5XX wing to a wing 1ift coefficisnt of 0.5.

From qualitative conslidsrations 1t would be ex-
pected that the svan load center for a wing composed of
a concistent family of s=ctlions mlight shift either in-
board cr outboard, deremding upon the comblnation of
Mach nwunber and angle of attack at which the wing 1s
operating. At high ™ach numbeirs and low to moderate
11ft coefficients, as shown by ithe results of the
present analysis, the sarly stcll of the thicker In-
board sections of the wing produces an outboard shift
of the center of load. At relatively low Mach numbers
and high angles of attack, however, the loadlng may
shift inboard because of the earller stall of the . :
sharp-nosed outboard sectlions. The span load center
could also move inboard when the wing opasretes at low
angles of attack and near criticel IMach numbers, because
the higher negatlve pressures over the thlcker inboard
sections would then be expanded more than the lower
pressures of the thlnner tilp sectlons. The basic date
gre not of sufficlent range to show the inboard shift
of the center of load caused by tlip stalling; however,
the inboard shift as causaed by reduction of pressure
over the upper surface of the root sectlons is 1ndicated
by the results glven in figure €, in which the loading
may be noted to move inbosard for the 16-5XX wing at
11 £t coefficients below 0.20 at M = 0.70.



15

For a given rigid wing the shift in span loading
that ocours at high Mach numbers depends on the change
with Mach number of the relatlve positlons of the 1lift
curves for-the section~ making up the wing., -The.re=
lative posltions of the section lift curves at varilous
Mach numbers may be clearly noted from the carpet plots
(figss 2 to 6); these plots are partiocularly esdvantageous
for presenting a qulck impression of the high-speed per=
formance of the wing.  For instance, for the O0XX wing
at a Mach number of 0,70 (fig. 5) the relative positlons
of the sectlon 1ift curvew for the 9-percent and 17~
percent-thick sectlons at low angles of attack are almost
the same as for the wing at a Mach number of 0,30 (fig. 2)
and 1ittle change in loading 1s therefore to be expected
at these angles. The relative positions of the sectlon
11ft curves ror the inboard and outboasrd sections change,
however, as the angleas of attack lncrease, and the span
loading changes should become more severe with increasing
angle of attack. 7Thls conclusion 1s borne out in the
bending~-moment-coefficlent curves of figure 11, which
show that the bending-moment coefficient for ™M = 0,70
increases with 1lift coefflclent. For the 16-5XX wing
at a Mach number of 0,75 (fig. 6), all the section 1lift
curves of the thicker sectlons have been dlasplaced down=
ward, indlcating that the lnboard sectlons carry less
1ift but, inasmuch as the slope changes little between
the outboard and inboard sectlons throughout the angle-
of-attack range, the lncrease in bending-moment cnef-
flcient should be constant wilith angle of attack. Fig-
ure 10 verifies this deduction, ’

From the foregolns dlscussion 1t 1s evlident that the
mammer in which changes in the span loading occur 1s de-
pendent upon the ailrfoll sectlons and other geometrlc
characteristics of the wing. For the two wings consldered,
the changes of span loading with Mach number brought
gbout in the first case a constant bendlng-moment-coefficlent
increase over the low-speed value with lncresasing l1ift
coefficient and in the second case a gradual increase
over the low-speed value with increasing 1ift coefficlent.
From an examination of the carpets of different wings at
both low and high Mach numbers, the famlly of alrfoils may
be selected that has the most favorable span~load-change
characteristics. ) '

When related to possible flight conditions, the
bending-moment increases indlcated in figures 10 and 11
are sufficiently high that the safe load factor would be
consliderably diminished, Figures 12 and 15 have been
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prepareéd to 1llustrate this point, Figure 12 shows the
variation of bending-moment coeffliclent with load factor
at two spanwlse astatlons for a pursult airplane equipped
with a 16-5YX wing having a loaeding of LO pounds per '
square foot and -a Mach number of C.75 at 10,000 feet.
Flgure 1% shows the same results for the alrplane equipped
wlth' tHe 00XX wing at a Mach number of 0.70 at 10,000 feet.
Under ordlnary condlitions the wings would be designed to
sustain the bending mo~ :nts corresponding to a load
factor of 8g and bending-moment coefficients of 0.045

and 0.235 at the 50 percant and root statlions, respec-
tively. Both the strip theory and the generallzed
11fting-1line theory show that thesé values of bending-
moment coefflicient would be obtained at values of the
load ractor substantially less than 8g.

. In the strlp theory, no consideratlion 1s given the
effect of induced flow 1ln leveling the load gradlents
along the span; the loads ohtalned with thls method are
therefore mors severse than those obtalned when the
generallized lifting-line theory 1s used. For the two
hypotheticel wings, however, sven this silmple strlp
theory glves rosults closer to the high-speed loading
and 1s more conservative than 1s the conventlonal method
used In desipn. ’ '

It should be noted that the downwash equation has
been assumed to epply for compressible as well as for
incompressible flow. To a flrst epproximation this
assumption 1s reasonalile because, regardless of the type
of flow in which a given 1ift 18 resalized, the principle
of Induction would still apply. Even substantlal
changes in the downwash angle due to compresslbllity
should, however, not be- expected to greatly alter the
span loadings, as these changes would occur .all slong
the spen and, -for-a glven family of sectlon 11ft curves,
i1t 1s the change of .thé form of the downwash-angle
distribution along the span .which influences the span
load distribution most.

The results gilven hercein were obtalned for a rigid,
smooth wing, wlithout fuselage and nacelles. In an
actual case the critical condlition may occur at.lower
Vach numbers because of Ilow disturbances caused by -
protuberances near the root station, such &s lnspection
plates- and wing fold doors, and by fuselages and °
nacelles. ) : . :
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.The effect of wing nacelle and fuselage lnterference
on the span loading may be taken into account, to a first
order at least, by considering that these l1tems cause a
.change 1n .the Maah numbersa. of _the sections along the wing
spéan. This effect diminishes as the distance is in-
creased from the interfering body. Reference 12 indl-
cates a method by which the increments in Mach number
caused by interfering bodles such as nacelles and fuse-
lages may be determined. The application of computed
increments in a practical case, however, suggests that
the basic data given in the carpets of figures 2 to 6 be
plotted to obtain five- charts, one for each thiclmess
at the selected spenwise stations, with the scales off-
set to glve the Mach number instead of the thickness as
the parameter on each chart. The lack and uncertainty
of sectlon data at high soeeds on various femilles, how-
ever, make the cerryling out of such a detalled procedure
herdly warth whlle at the present time.

CONCLUDING REMARKS

The spanwise dist- Lbution of load on an alrplane
wing at hlgh sveeds muy be determined by means of a
generallized method of spplying lifting-line theory.
The results of applying such a method show that the
bending-monment changes that can occur at high Vach
numbers may be sufficiently great to render necessary
a modification in the procedure now used in computing
svan loadlng.

In order to determine the valldity of the general
apolication of the lifting-line theory, 1t 1s recommended
that measurements of the span load dlstributlon be made
in a high-speed wind tunnel on a wing composed of alrfoll
sections for which the two-dimensional high-speed char-
acteristics are available at falrly high Mach numbers and
at high angles of attack.

Langley Memorlal Asronautical Laboratory,
National Advisory Committee for Aeronautlcs,
Langley Fleld, Va,
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TABLE I

COMPUTATIONS REQUIRED IN DETERMTNATION OF SPAN LOADING

BY METHOD OF REFERENCE 3 FOR 16-5XX WING

[Anglo of attack at root = 2°, N = 0.75]

19

First approximation Check
1 2 3 L 5 3 7 8 | 9] 10 IENEIEEE 15 | 16 |[17
Airfoll
thickn e e e 6 x column 7 € @ s g
Y |(percent. (a-é) %1 | ®13 1{3‘ Am (deg) [(aeg) | °t 11 %%
chord) 0 0.3 0.5] 0.7/ o.9
o] 17.0 2.0 1 0.161[1.273(0.205 |0.01 2.571-1.241-0.28| 0.37{-1.8L! |-1.60] 3.60]0.220]0.L07(l0.260
0.3l 1h.6 1.71 .309 1.2Y§ .375 .an% -3.33 5.8% -2.30 -2.51 7.6111 1.08 5.62 .310 .25% .331
.5 13 1.5} .L121.10%8) | <0379 .33|-2.96] 7.59 -.éo -9.43[ | 1.68[ -.18 .267 .232 .368
L7 1.k 1.3 .230 .909 | .L82| .ofo2{ -.50| -.L2 -5.0Z 6.83 1.56(1 2.38]-1.08 .2z15| .2 .355
9! 9.8 1.1 | .836| .555| .353) .0295{ -.io| -.18| =.26|-1. 6.2 | L.13j-3.03| .126] .067 209
-1.60] 1.08| 1.68| 2.38] L.13
Second approximation Check
0 17.0 2.0 1.273(0.260 {0.021 .26(-1.58] -0. 0.46]-2. ~0.3Lf 2.3k [0.200[0.2 0.2
0.3 14.6 1.7 1.215( .331} .027 -;-hh 5.%8 -2.35 -2.2h 6.?% .%E .31 .235 .232 .3?2 ®
5 13 1.2 1.103| .368| .0%0 27(=2.40 6.1% -.32(-7. 1.3 161,201 321 .532
111, 1. .909 | .356| 029 -.32 -.31/-2.26f 5.03] 1.15[] 1.82| ~.52 .zgl .522 .3
9] 9. 1.1 -555] .209| .0175| -.06] -.10| -.16|-1.11| 32.76| | 1.59| -.Lo| .4Bo| 2 ,231
-.34| .79) 1.34} 1.82] 1.59
Third approximsation
[} 17.9 2.0 1.273(0.25%5 [0.021 .20(-1.55(-0.3L] 0.8]-2.29] [-o.2
0.3} 14.6 1.7 1.215 .5;2 .0262 -2.2 h.g -1.§‘ ~2.13] 6.39 .63
.; 13 1.5 1.103! .350 | .0292| ~.26{-2.28} s, é =.301-7.27/ | 1.22
1 .k 1.% 29091 .3L1| .0285( -.36( -.30(-2.18] 4.86] 1.11| | 1.6L
.9l 9.8 1.1 -555| .231| .0193| -.06) -.12[ -.17!-1.23] L.08] | 2.02
-.23] .69] 1.22] 1.64) 2.02
Fourth approximation Check
o} 17.0 2.0 1.273(0.2L6 | .0205] 3.08]-1.L9[-e. o.Lh]-2.21]| [-9.26] 2.260.191[0C.2
0.3] 14.6 1.7 1.215( .305 .0235 -2.17 L.79]-1. % -2.07{ 6.20 .65 1.051 .250] .30
-5 13 1.5 1.10%) .3411 .02 .22 -2.23| 5.70 -.go -7.09( | 1.15 5( .310| .3L2
7 11.% 1.3 .9091 .342| ,0288| -. -.30{-2.18] L.B6} 1.11] | 1.79] -.LO| 377 .343
9 9. 1.1 -555] .232] .019L| -.06] -.i2| -.17 -1.23) h.11f| 2.12[-1.02] .Los] .225
-.26] .65/ 1.15} 1.70] 2.12
Colum

Geometric angle of attack.

First sssumption; 1ift coefficients corresponding to ag

Assumed span loading coefficlent.

Column 7 x Tani's constants A for y

Summation of columm 8, 9, 10, 11,

and 1

Effective angles of attack {columm 3 - column 13).
Lift coefficient corresponding to column 1L taken from sarpet (as shown in figure 6).

"Check" load coefficient, colum {15) x column (5).
Load coefficlents from curve falred betwsen values from columns (6) and (16) (as shown in

(strip theory) from figure 6.

figure 7) and entered in next approximation under column

=0, 0.3, 0.5, 0.7, and 0.9,
2.
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Figure /.- Wings of different basic sections used for analysis or spanfoad
distributions ar high speeds.
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